Pten, the potent tumor suppressor, is a lipid phosphatase that is best known as a regulator of cell proliferation and cell survival. Here we show that mouse embryos that lack Pten have a striking set of morphogenetic defects, including the failure to correctly specify the anterior-posterior body axis, that are not caused by changes in proliferation or cell death. The majority of Pten null embryos express markers of the primitive streak at ectopic locations around the embryonic circumference, rather than at a single site at the posterior of the embryo. Epiblast-specific deletion shows that Pten is not required in the cells of the primitive streak; instead, Pten is required for normal migration of cells of the Anterior Visceral Endoderm (AVE), an extraembryonic organizer that controls the position of the streak. Cells of the wild-type AVE migrate within the visceral endoderm epithelium from the distal tip of the embryo to a position adjacent to the extraembryonic region. In all Pten null mutants, AVE cells move a reduced distance and disperse in random directions, instead of moving as a coordinated group to the anterior of the embryo. Aberrant AVE migration is associated with the formation of ectopic F-actin foci, which indicates that absence of Pten disrupts the actin-based migration of these cells. After the initiation of gastrulation, embryos that lack Pten in the epiblast show defects in the migration of mesoderm and/or endoderm. The findings suggest that Pten has an essential and general role in the control of mammalian collective cell migration.
Introduction
Phosphoinositides are important regulators of membrane localization of proteins, trafficking, polarity and signaling, whose roles in development are only beginning to be understood (Skwarek and Boulianne, 2009 ). Pten (phosphatase and tensin homologue on chromosome 10) is an important regulator of phosphoinositides that converts phosphatidylinositol (3,4,5) trisphosphate (PIP 3 ) into phosphatidylinositol (4,5) bisphosphate (PIP 2 ). PIP 3 anchors a number of important signaling proteins to the plasma membrane to promote proliferation, cell survival, increased cell size and epithelial polarity (Manning and Cantley, 2007) . Pten is a classic tumor suppressor: individuals that inherit one mutant allele of Pten show spontaneous benign tumors and a predisposition to malignant tumors, along with developmental defects that include macrocephaly (Waite and Eng, 2002) . After p53, somatic mutations in Pten are the second most common genetic lesion in human cancers (Chalhoub and Baker, 2009; Parsons, 2004; Yin and Shen, 2008) . The majority of studies on Pten in cancer have focused on its role in the Akt-mTor-S6K pathway, which regulates translation and cell growth and is an important target for tumor therapy (Manning and Cantley, 2007; Sabatini, 2006) . Most studies on the roles of Pten in development in Drosophila and C. elegans have focused on its roles in the insulin receptor/Akt pathway to control cell size, dauer formation and longevity (Ogg and Ruvkun, 1998; Stocker and Hafen, 2000) .
Pten also has other cellular functions that are likely to play important roles in development and tumorigenesis. Studies in Dictyostelium amoebae defined the importance of enrichment of PIP 3 at the leading edge for the directional movement of individual migrating cells. PIP 3 recruits WASP, WAVE and several PH-domain proteins to the leading edge of the cell (Meili et al., 1999; Myers et al., 2005; Oikawa et al., 2004; Padrick and Rosen, 2010) . Pten, which degrades PIP 3 , becomes localized to the trailing edge of these cells; this enhances the gradient of PIP 3 within the cell and is required for directional migration (Iijima and Devreotes, 2002) . Pten appears to have similar functions in mammalian hematopoietic cells: Pten is localized to the trailing edge of migrating mammalian neutrophils (Li et al., 2005; Wu et al., 2004) , and loss of Pten in neutrophils and B cells disrupts polarized migration and the ability to respond to chemoattractants (Anzelon et al., 2003; Heit et al., 2008) . Conditional deletion experiments in the mouse have Developmental Biology 364 (2012) 192-201 revealed complex roles for Pten in the developing brain, including providing structural support for neuronal migration in the developing cerebellum (Endersby and Baker, 2008; Yue et al., 2005) .
Null mutations in Pten cause embryonic lethality in the mouse, but the cellular and developmental bases of lethality have not been defined. Embryos homozygous for two different targeted null mutations were reported to die prior to e7.5 with defects in epiblast organization and differentiation (Di Cristofano et al., 1998; Podsypanina et al., 1999) , whereas embryos homozygous for a third null allele in a different genetic background survived to e9.5, with defects in chorio-allantoic fusion and formation of the cranial neural folds Suzuki et al., 1998) . Subsequent studies showed that the differences between the phenotypes were due to differences in genetic background and that the outbred strain background CD1 allowed longer survival (Cully et al., 2004; Freeman et al., 2006) . Here we use null and conditional alleles in the CD1 background to define the function of Pten in early embryogenesis. Pten mutants display an array of morphogenetic defects, including broad neural folds, cardia bifida and aberrant mesoderm migration. In contrast to expectation, we find that cell proliferation and cell death are normal in embryos that lack Pten, indicating that the developmental phenotypes must reflect other functions of Pten.
The most dramatic defect in Pten mutant embryos is disruption of the anterior-posterior body axis in the majority of mutant embryos. We trace this phenotype to defects in the anterior visceral endoderm (AVE), a group of extra-embryonic cells that is required for the establishment of the anterior-posterior axis. AVE cells originate at the distal tip of the e5.5 embryo and migrate along one side of the embryo to the edge of the extraembryonic region between e5.5 and e6.0 (Migeotte et al., 2010; Rivera-Perez et al., 2003; Srinivas et al., 2004; Takaoka et al., 2011) . Cells of the AVE express inhibitors of Wnt and Nodal signaling that are required to restrict the primitive streak to a single site on the opposite, posterior side of the embryo, thereby establishing the anterior-posterior body axis (Perea-Gomez et al., 2002; Yamamoto et al., 2004) . High-resolution imaging showed that the leading wild-type AVE cells extend long lamellar protrusions that span several cell diameters and are polarized in the direction of cell movement (Migeotte et al., 2010; Srinivas et al., 2004) . AVE cells move in an actin-mediated process that requires the WAVE complex and Rac1 (Migeotte et al., 2010; Rakeman and Anderson, 2006) . Wild-type AVE cells display hallmarks of collective cell migration: they retain tight and adherens junctions as they migrate and exchange neighbors within the plane of the visceral endoderm epithelium (Migeotte et al., 2010; Takaoka et al., 2011; Trichas et al., 2011) .
We find that the defect in axis specification in Pten mutant embryos is caused by abnormal behavior of AVE cells. Pten mutant AVE cells initiate movement, but fail to migrate as far as wild-type cells. In addition, Pten −/− AVE cells disperse in random directions rather than migrating as a group towards the future anterior of the embryo, and the abnormal final position of the AVE cells accounts for the defects in axis specification. We identify additional defects in cell migration after gastrulation, which suggest Pten has a general role in collective cell migration in embryonic tissues.
Materials and methods

Mouse strains and genotyping
Mice carrying the targeted Pten tm1PPP null mutation (Di Cristofano et al., 1998) , the floxed allele of Pten (Pten flox ) (Trotman et al., 2003) , the ENU-induced point mutation of Pten (Pten M1un ) (García-García et al., 2005) , and the BAT-gal (Maretto et al., 2003) , Hex-GFP (Rodriguez et al., 2001) and Sox2-Cre (Hayashi et al., 2002) transgenes were crossed into the outbred CD1 strain background (>8 generations). The KJB5 (TCGCCTTCTTGACGAGTTCT) and KJB6 (GCTCCAATCCTTCCATTCAA) primer pairs were used to detect the targeted Pten null allele. The 93F (CTGGGATTATCTTTTTGCAACAGT) and 405R (ACAGCTTACCTTTTTGTCT CTGGT) primers detect the wild-type allele of Pten but not the targeted allele. PCR amplification using primers 83F (TCTTGACCAATGGC TAAGTG) and M1unBgl-IIR (GCCCCGATGCAATAAATATGCACAGATC) create a Bgl-II restriction site in the Pten M1un allele. PCR amplification using primers M1unAse1F (TCACTGTAAAGCTGGAAAGGGACGGACTG GATTAA) and 405R creates an Ase1 restriction site in the wild-type allele of Pten, but not the Pten M1un allele. Primers for detecting the floxed allele of Pten (Pten flox ) and the conditionally deleted (Pten cko ) were previously published (Trotman et al., 2003) . Primers and genotyping protocols to detect DNA containing Cre, LacZ and GFP sequences were obtained from the Jackson Laboratories (www.jax.org).
Phenotypic analysis
Standard procedures were used for in situ hybridizations, LacZ staining, and immunofluorescent staining of cryosections (Eggenschwiler and Anderson, 2000) . Embryos for SEM were fixed in 2.5% glutaraldehyde overnight at 4°C, processed using standard procedures and imaged with a Zeiss Supra 25 Field Emission Scanning Electron Microscope. 1 mg BrdU per 10 g of mouse body weight was injected into pregnant females, and after a 1-hour incubation, embryos were dissected and processed for anti-BrdU staining.
Immunohistochemistry
The antibodies used were: rabbit or chicken anti-GFP (Molecular probes, 1:500); rabbit anti-laminin (Sigma, 1:200); rat anti-Ecadherin (Sigma, 1:500); rabbit anti-active caspase-3 (Abcam, 1:500); rabbit anti-phospho-histone H3 (Ser28) (Cell signaling, 1:300); rabbit anti-phospho-Akt (Ser473) (Cell signaling, 1:50); mouse anti-Pten (Cascade, clone 6H2.1; 1:500); and mouse anti-BrdU (Sigma, 1:10). Alexa-conjugated secondary antibodies were obtained from Invitrogen. An anti-mouse biotinylated, streptavidin-Alexa-488 (Vector, cat. No BA-9200) amplification step was used to visualize BrdU localization. F-actin was visualized using TRITC-Phalloidin (Molecular probes, 1:50-1:200). Nuclei were visualized using DAPI (Sigma, 1 mg/ml).
Imaging and Image analysis
Whole mount embryos after in situ hybridization or LacZ staining were imaged using a Zeiss Axiocam HRC digital camera on a Leica MZFLIII microscope. Immunofluorescence images (whole mount and sections) were captured with an inverted Leica TCS SP2 confocal microscope. Confocal stacks were taken at a 1024 × 1024 resolution with 20 × and 63 × magnification. Identical camera and microscope settings were used to image wild-type and mutant embryos. Confocal stacks were reconstructed with Volocity software (Improvision).
The software program Amira (Mercury Computer Systems) was used to reconstruct confocal stacks and count the number of Hex-GFP cells in wild-type and Pten mutant embryos. The software program ImageJ was used to count number of cells and determine the position of AVE cells along the circumference and along the proximal-distal axis of the embryo. Snapshots of 3D reconstructions from confocal stacks (Volocity, Improvision) were taken as the reconstruction was rotated 90 degrees around the proximal-distal axis. Using the cell counter plug-in (K. De Bos) within ImageJ, the position of Hex-GFP cells was manually marked in wild-type and Pten mutant embryos. Reference points along the proximal-distal axis were marked at the most distal and proximal positions on the embryo. The measure function within the cell counter plug-in was used to extract coordinates (X, Y) of the Hex-GFP cells and reference points. These numbers were imported into Excel (Microsoft) and used to determine the vertical distance Hex-GFP cells had migrated from the most distal point in the embryo, relative to the overall length of the embryo. Because each image represented a quadrant of the embryo, the number of Hex-GFP cells in each quadrant was also extracted from these data and used along with the position of each cell along the X-axis to determine the distribution of cells around the circumference of the embryo. Bar graphs and polar plots were created in excel (Microsoft) . For the polar plots (θ, r), θ represents the position of individual Hex-GFP+ cells around the circumference and r represents relative vertical distance the Hex-GFP+ cell traveled.
Statistical analysis was carried out using an unpaired two-tailed Student's t-test with unequal variance.
Results
Pten null embryos die at midgestation with a set of defects in embryonic patterning and morphogenesis
We identified a missense allele of Pten, Pten M1un , in an ENU mutagenesis screen, based on interesting defects in morphogenesis in homozygous mutant embryos (García-García et al., 2005) . We therefore decided to define the embryonic phenotype caused by complete absence of Pten. In the original 129/C57BL/6 mixed genetic background, the null mutation Pten tm1PPP caused recessive peri-implantation lethality (Di Cristofano et al., 1998) , but we found that homozygous null mutants survived to midgestation in the CD1 background, when they showed clear morphological defects. The most striking aspects of the null phenotype were the abnormal headfolds ( Fig. 1B, E) , as previously noted Suzuki et al., 1998) , and incompletely penetrant duplication of the anterior-posterior body axis (Fig. 1C , F; see below). These phenotypes were also seen in Pten M1un homozygotes, although at lower penetrance ( Fig. S1 ).
Proliferation and cell death occur at normal rates in Pten mutant embryos
Previous studies using conditional alleles to delete Pten in specific mouse tissues have been able to account for many of the observed phenotypes on the basis of increased proliferation, increased cell size or decreased cell death (Knobbe et al., 2008) . In the early embryo, it was suggested that increased proliferation in Pten null mutant embryos could be responsible for the abnormal morphology of the headfolds . At e5.75 when the anterior-posterior asymmetry is initiated, we did not observe a significant difference in the number of mitotic cells in wild type and null mutants, as assayed by staining for phospho-histone H3 (Ser28) (pHH3) ( Fig. 2A , D, Table S1 ). At later stages, we compared wild-type and Pten-epiblast deleted embryos, where Pten was removed specifically in derivatives of the epiblast, and found no difference at e7.5 or e8.5 in either the fraction of mitotic cells ( Fig. 2B, E; Fig. S2A , B) or the number of BrdU labeled cells after a one hour pulse (total number of cells scored >4000 for each genotype) ( Fig. S2C , D; Table S1 ). As an independent method to assess whether there was a difference in proliferation or death in the Pten mutants that could account for the changes in neural morphology, we counted the total number of Sox2+ neuroepithelial cells in the cranial neural folds of two wildtype and two Pten −/− mutant embryos at the 5 somite stage, when the phenotype was clear and embryos were healthy. We found indistinguishable numbers of nuclei in the cranial neuroepithelium of wild-type and Pten −/− embryos between the posterior of the heart and the anterior end of the embryo (wild type: 12,156 and 13,799; Pten −/− 10,940 and 13,142 nuclei).
Loss of Pten has been shown to cause inappropriate cell survival in many contexts; for example, we observed that the cell death in Rac1 mutant embryos was largely rescued by reducing the gene dosage of Pten (Migeotte et al., 2011) . We assayed cell death in wild-type, Pten null e6.0 embryos, and Pten-epiblast deleted e8.5 embryos by staining for activated capase-3 ( Fig. 2C, F; Fig. S2E , F). There is very little cell death in wild-type embryos at these early stages, and no decrease in cell death was detected in the Pten mutants. Increase in the size of cells and nuclei has been seen in Pten −/− cells in the brain (Kwon et al., 2001 ), but we did not see a significant difference in nuclear size in Pten mutant embryos (J. G.-B. and J. B. unpublished). Thus, Pten is not required for normal proliferation or cell death through midgestation of the mouse embryo and the phenotypes of Pten mutants instead reflect other essential functions of Pten.
Pten is required for normal specification of the anterior-posterior body axis
To define the functions of Pten in the early embryo, we investigated the earliest and most dramatic phenotype observed in Pten −/− embryos, the duplication of the anterior-posterior body axis in a fraction of the mutant embryos (Fig. 1C,F) , which was apparent from the morphology of the mutants and by expression of molecular markers. Brachyury, a marker of the primitive streak at the posterior of the embryo and of the midline, was ectopically expressed in more than half of e7.5 Pten −/− mutant embryos examined (8/14; Fig. 3A, B ). At e8.5, only~20% of Pten −/− mutant embryos (4/21) displayed an ectopic primitive streak (Fig. 1C) . A similar fraction of e8.5 embryos showed ectopic expression of the paraxial mesoderm marker Meox1 (Fig. 1E , F). The lower penetrance of the axis specification phenotype at e8.5 than at e7.5 did not appear to be due to embryo death, as the ratio of e8.5 Pten −/− mutants to total embryos (21/66, 30%) was close to the expected Mendelian ratio. Instead, it is likely that regulatory mechanisms partially corrected the early defects in axis specification, as has been described for other mutations (e.g. Otx2; Perea- Gomez et al., 2001) . The axis defects in e8.5 Pten −/− embryos ranged from a small ectopic spot of Brachyury expression, in addition to a wild-type primitive streak, to a complete duplication or triplication of posterior primitive streak derivatives such as the allantois (Fig. 1F , arrows) and embryos with two parallel primitive streaks (Fig. 1C ).
Other primitive streak markers were also expressed ectopically in the mutant embryos. Wnt3 is the earliest marker of the primitive streak (Liu et al., 1999; Rivera-Perez et al., 2003) . Wnt3 was expressed in a ring around the proximal portion of the majority of Pten −/− mutant embryos at e6.5 (n = 2/3), instead of being correctly restricted to the proximal posterior side of the embryo (Fig. 3C, D) . The BAT-gal transgene is a reporter for canonical Wnt signaling that is expressed in the primitive streak (Maretto et al., 2003) . BAT-gal activity was found in a proximal ring in half of the e7.5 Pten −/− embryos examined (4/8), rather than the wild-type pattern along the posterior side of the embryo (Fig. 3E, F) . Additional streak markers, Lefty2 and Foxa2, were expressed in a ring around the proximal region of~50% of e7.0-7.5 Pten −/− mutant embryos (Lefty2 (3/6); Foxa2 (3/6)) ( Fig. 3G-J) . These results demonstrate that the activity of Pten is important for specification of a single primitive streak.
Pten appears to act in extraembryonic cells to control axis specification
To determine whether Pten acts in embryonic or in extraembryonic tissues to control axis specification, we deleted a conditional Pten allele using the Sox2-Cre transgene, which deletes the floxed wild-type allele in all derivatives of the epiblast, but not in the extraembryonic lineages (Hayashi et al., 2002) . Both the Sox2-Cre transgene and a conditional allele of Pten (Trotman et al., 2003) were made congenic in the CD1 background. We then carried out crosses to generate Sox2-Cre; Pten flox/embryos, which we refer as Pten epiblast deleted embryos. Pten epiblast deleted embryos arrested at approximately e9.0, when all Pten epiblast deleted embryos had abnormal headfolds ( Fig. 4B ) and cardia bifida (Fig. 4C) . These embryos showed normal expression of primitive streak markers at the posterior of the embryo (Fig. 4A) , normal migration of the AVE, as assayed by the anterior position of Cer1 expression ( Fig. 5D ) and always had a single anteriorposterior body axis (Fig. 4B) . Thus Pten is required in extraembryonic, rather than embryonic, tissues for axis specification.
Two extraembryonic cell types, the visceral endoderm and the extraembryonic ectoderm, play a role of AVE migration (Rivera-Perez et al., 2003; Rodriguez et al., 2005; Srinivas et al., 2004) and we find that Pten is expressed in both these cell types in wild-type embryos (Fig. 4D ). Phosphorylated-Akt (S473), a target of the Pten phosphatase, was present at high levels in both mutant visceral endoderm and extraembryonic ectoderm of mutant embryos ( Fig. 5K-M) . The only factor known to be important in the extraembryonic ectoderm for proper AVE specification and migration is Bmp4 (Rodriguez et al., 2005; Soares et al., 2008) . Bmp4 was expressed normally in Pten −/− mutant embryos (Fig. 3K, L) , which suggested that Pten is required autonomously in the other extraembryonic lineage, the visceral endoderm, for migration of the AVE. Consistent with the action of Pten in the visceral endoderm, phosphorylated-Akt is tethered to the membrane by a PIP 3 -binding PH domain and was associated with the membrane on all faces of all visceral endoderm cells in Pten −/− mutant embryos ( Fig. 5K-M) , demonstrating that Pten is required in the visceral endoderm to prevent high levels of membrane PIP 3 .
Pten is required for the normal migration of AVE cells
In addition to its roles in the control of cell proliferation, death and size, Pten is important in polarized migration of Dictyostelium amoebae and in mammalian hematopoietic cells (Iijima and Devreotes, 2002; Li et al., 2005; Wu et al., 2004) . We therefore asked whether Pten was important for the migration of the anterior visceral endoderm (AVE), the extra-embryonic organizer that defines the anterior-posterior axis of the animal (Perea-Gomez et al., 2002) . Cer1, a marker of the AVE, is normally expressed along the anterior side of the embryo at e6.5, up to the embryonic/extraembryonic boundary (Fig. 5A) . In contrast, Cer1 was expressed at the distal tip or around the circumference of the visceral endoderm in half the Pten −/− mutant embryos (Fig. 5B, C) .
The transcription factor Hex is expressed in AVE cells, and a Hex-GFP transgene marks AVE cells with cellular resolution (Srinivas et al., 2004) . There were~50 Hex-GFP + cells at e5.75 in both Pten −/− and wild-type embryos (n = 2 for both wild-type and mutant), demonstrating that loss of Pten did not affect the specification or number of AVE cells. Hex-GFP expressing cells form a coherent group on the anterior side of the wild-type embryo (Fig. 5E ). In contrast, Hex-GFP cells were abnormally distributed in all Pten −/− embryos. In some embryos, the Hex-expressing cells were located near the distal tip (Fig. 5F) ; in other embryos the Hex + cells were distributed across the embryonic region (Fig. 5G) . Thus Pten is required for the normal migration of the cells of the AVE.
Pten mutant AVE cells disperse in nearly random directions from their distal origin
To define how Pten affected behavior of the AVE cells, we carried out quantitative analysis of the position of Hex-GFP + cells from 3D confocal reconstructions of whole mount wild-type, heterozygous and homozygous mutants at e5.75 and e6.5 (e.g. Fig. 6A-D) . Pten −/− Hex-GFP + cells did not migrate as far from the distal tip of the embryo as wildtype cells. Graphical representations of the position of the AVE cells, shown in Fig. 6E -H, indicate that while wild-type cells moved away from the distal tip of the embryo (the center of the polar plot), many mutant cells at both e5.75 ( Fig. 6F ) and e6.5 (Fig. 6H ) remained near their origin (the center of the plot). At both e5.75 and e6.5, Hex-GFP expressing cells in Pten −/− embryos had moved, on average, only about 60% as far away from the distal tip as in wild-type embryos (Table S2 ; Fig. S3 ).
In addition to incomplete migration, Hex-GFP expressing cells were distributed more evenly around the circumference of Pten −/− embryos compared to the restriction to the anterior seen in wild type ( Fig. 6A-D) . To quantitate the change in distribution of AVE cells, we divided 3D images of whole mount embryos into quadrants and counted the Hex-GFP expressing cells in each quadrant ( Fig. 6E-H ; Table S2 ). At both e5.75 and e6.5, only 4-5% of Hex-GFP + cells were in the least-populated (posterior) quadrant of wild-type embryos. In contrast, 16-17% of the Hex-GFP + cells were in the leastpopulated quadrant of Pten −/− mutants; this was close to the 25% expected if the cells had dispersed randomly, in contrast to the oriented migration of wild-type AVE cells. Consistent with the haploinsufficiency of Pten in other contexts (e.g. Blando et al., 2009; Trotman et al., 2003) , the behaviors of Pten −/+ heterozygous AVE cells were intermediate between wild-type and homozygous mutant cells (Table S2) .
Ectopic apical actin accumulates in cells of the Pten mutant visceral endoderm
Because active rearrangements of the actin cytoskeleton are required for AVE migration (Rakeman and Anderson, 2006) , we examined the organization of F-actin in the 3D reconstructions of early embryos. In the visceral endoderm of e6.5 wild-type embryos, F-actin was enriched at cell-cell boundaries and at vertices where multiple cells meet (Fig. 7C) . In Pten −/− mutant embryos, there was an increase in the staining of F-actin in the middle of apical surface in both AVE cells and in other cells of the visceral endoderm (Fig. 7A, D, E) . Ectopic puncta of apical actin were already visible in visceral endoderm at the time of AVE migration in Pten −/− embryos (Fig. S4; Fig. 6A-B) . It is likely that this defect in actin organization in the visceral endoderm could disrupt the migration of Pten −/− AVE cells. Our results are consistent with the ectopic F-actin seen in zebrafish ptenb morphants (Yeh et al., 2011) , although the cellular and developmental defects seen in zebrafish embryos are different from those described here in the mouse. The morphology of e8.5 Pten-epiblast deleted embryos, viewed from the dorsal side. All embryos of this genotype form a single anterior-posterior body axis (n > 50). Like the wild-type embryo on the left, the three mutants (on the right) form somites and close the neural tube in the trunk, but have headfolds that fold in irregular patterns. Scale bar =250 μm. (C) SEM views of the ventral side of wild-type and Pten-epiblast deleted e8.5 embryos. In contrast to the single, looping heart tube in wild type, the mutant heart is composed of two tubes that have not fused on the midline (cardia bifida). Scale bar = 100 μm. (D) Pten protein localization in e6.5 wild-type and Pten-epiblast deleted embryos. Arrows indicate the epiblast; arrowheads indicate extraembryonic ectoderm. Pten is detectable in the epiblast, visceral endoderm and extraembryonic ectoderm of wild-type embryos (8/8). Pten protein is not detectable in the epiblast of Pten-epiblast deleted embryos (3/3), although it is still detectable in the extraembryonic ectoderm and visceral endoderm. Scale bar = 50 μm.
Pten-epiblast deleted embryos show additional defects in cell migration
After establishment of the position of the primitive streak, cells from the wild-type epiblast undergo an epithelial-to-mesenchymal transition (EMT) at the streak to generate the mesoderm and definitive endoderm. In about one-third of e7.5 Pten −/− and Pten-epiblast deleted mutant embryos, a group of cells from the primitive streak protruded into the amniotic cavity (5/15, Fig. 8A-C) , similar to the phenotype of mutants with defects in the EMT or mesoderm migration (García-García and Anderson, 2003; Rakeman and Anderson, 2006; Sun et al., 1999) . Transverse sections of Pten −/− and Pten epiblast deleted embryos at e7.5 stained with anti-E-cadherin and anti-Laminin (Fig. 8D-F) showed that E-cadherin was properly down regulated in the mutant mesoderm wings, indicating that this aspect of the EMT was not disrupted in Pten mutant embryos. After ingression through the primitive streak, nascent mesoderm cells migrate around the circumference of the embryo. Pten epiblast deleted embryos developed somites (Fig. 4B) , demonstrating that mesoderm migration and somitogenesis could proceed in the absence of Pten. However, sections of those Pten epiblast deleted embryos in which cells accumulated in the amniotic cavity showed an accumulation of cells in the mesodermal wings near the primitive streak ( Fig. 8D-F) . Thus Pten was important for efficient migration of mesoderm cells away from the primitive streak. Additionally, most Pten epiblast deleted embryos showed clear cardia bifida (8/10; Fig. 4C ), the failure of the two laterally positioned anlage of the heart to move to the ventral midline. Defects in either migration of the definitive foregut endoderm or the nascent cardiac mesoderm can lead to cardia bifida (Constam and Robertson, 2000; Saga et al., 1999) . These findings suggest that Pten has a general role in cell migration during dynamic tissue rearrangements.
Discussion
Pten was originally studied for its roles in promoting proliferation and preventing apoptosis, which are important for its function as a tumor suppressor. In contrast, we find that Pten null mouse embryos show a syndrome of developmental defects that are independent of the roles of Pten in proliferation and apoptosis. Our results show that the absence of Pten leads to striking defects in embryonic morphogenesis because of its roles in collective cell migration, a role that could contribute to Pten-dependent tumor progression.
Pten is required for collective migration of the Anterior Visceral Endoderm (AVE)
Although the embryonic lethality of Pten mouse mutants was described previously (Di Cristofano et al., 1998; Podsypanina et al., 1999; Suzuki et al., 1998; Wang et al., 2010) , the essential role of Pten in the specification of the anterior-posterior axis has not been recognized. This is due, at least in part, to the sensitivity of the Pten mutant phenotype to genetic background. As we show, an additional complication is that some of the null embryos with early defects in axis specification recover to form a single primitive streak at e8.5. Studies in chick have uncovered a negative feedback loop, in which the primitive streak is able to inhibit ectopic primitive streak formation (Bertocchini et al., 2004) , which suggests a developmental mechanism that would allow embryos to recover from the specification of ectopic primitive streaks.
Although not all Pten −/− embryos show defects in the expression of primitive streak markers, all Pten null mutants show disruptions in the migration of the extraembryonic organizer, the AVE, as assayed by the distribution of Hex-positive cells. Some Pten −/− AVE cells fail to migrate at all, while others migrate in apparently randomized directions, so that AVE cells are dispersed to all sides of the embryo, rather than migrating as a coherent group along one side of the embryo.
The obligate relationship between AVE migration and axis specification has been documented in a number of different mutants in which the AVE does not move, including Otx2 −/− (Perea-Gomez et al., 2001) , Cripto −/− (Ding et al., 1998) , β-catenin −/− (Huelsken et al., 2000) and Rac1 −/− (Migeotte et al., 2010) . In these mutants, AVE cells are specified but never move from the distal tip of the embryo; as a result cells with the identity of primitive streak cells are found in a ring around the proximal end of the embryo instead of along the presumptive posterior side of the embryo.
The variable defects in axis specification seen in Pten mutants are more similar to the phenotypes of mutants that only partially disrupt movement of the AVE. For example, in Nap1 khlo/khlo mutant embryos, AVE cells do not migrate all the way to the presumptive extraembryonic border and some mutant embryos have more than one site of expression of primitive streak markers (Rakeman and Anderson, 2006) . In Cer1 −/− ; Lefty1 −/− double mutants the AVE has a broad irregular domain and the embryos can show ectopic primitive streaks (Perea- -D) . Each dot represents the position of one Hex + cell. Plots are oriented so the most populated quadrant (the presumptive anterior) is oriented to the left. The position of each cell is indicated both with respect to its position around the circumference of the embryo (angle) and distance migrated along the proximal-distal axis (proximity to center of the plot). Data from 4 wild-type embryos (+/+) at e5.75 (E) and 4 wild-type embryos (+/+) at e6.5 (G) reveal that most Hex + cells are in the 3 anterior quadrants and have moved away from the distal tip. Data from 3 Pten −/− mutant embryos at e5.75 (F) and 5 Pten −/− mutant embryos at e6.5 (H) indicate that cells are more evenly distributed among the quadrants and many more remain near the distal tip. Heterozygous embryos were excluded from this analysis, as they appear to have an intermediate behavior between +/+ and Pten −/− embryos (Supp . Table S2 ). Gomez et al., 2002) . Similarly, in Pten −/− mutants, AVE cells migrate some distance from the distal tip of the embryo, which is sufficient to allow specification of a single primitive streak in some embryos but leads to ectopic expression of streak markers in other mutants.
Our genetic experiments show that Pten is required in either the visceral endoderm or the extraembryonic ectoderm for AVE migration. Previous studies have shown that the extraembryonic ectoderm can influence the migration of the AVE: one group used embryological manipulations to show that signals from the extraembryonic ectoderm inhibit migration of the AVE (Rodriguez et al., 2005) and another group found that RNAi knockdown of Bmp4 blocked AVE cell migration (Soares et al., 2005) . Because Bmp4 expression is normal in Pten mutants, it is possible that Pten might either influence Bmp4 signaling downstream of the ligand through a novel mechanism. It is also possible that Pten acts in another pathway in the extraembryonic ectoderm to control production of a factor that diffuses to visceral endoderm cells and influences their migration. We show that Pten is expressed and active in the visceral endoderm; given the nature of the cellular defects that we observe in the visceral endoderm, we think it is most likely that Pten acts cell autonomously in the visceral endoderm to promote AVE migration.
The defects in specification of the body axis seen in the Pten null mutants are similar to, but distinct from, the phenotypes we have seen previously in mutants that lack Rac1 or the WAVE complex regulator Nap1 (Migeotte et al., 2010; Rakeman and Anderson, 2006) , and there are direct biochemical links among these proteins. Rac1 and Nap1 mutant AVE cells fail to move or do not migrate as far as wild-type AVE cells, whereas Pten mutant cells disperse in nearly random directions from their origin at the distal tip of the embryo. Rac1 and PIP 3 act in concert at the leading edge of migrating cells to activate the WAVE complex and promote the formation of the branched actin structures that push the membrane forward (Oikawa et al., 2004; Padrick and Rosen, 2010) . The plasma membranes of all faces of Pten mutant visceral endoderm cells have high levels of PIP 3 , as shown by the high level of membrane-associated phospho-Akt. This high level of PIP 3 is likely to lead to activity of the WAVE complex at all positions on the cell membrane, which would account for the ectopic F-actin puncta that we observe in the apical region of visceral endoderm cells. Although Pten mutant AVE cells do move some distance from their origin, these ectopic actin networks are likely to interfere with the oriented migration of AVE cells.
The defect in directional movement of Pten mutant AVE cells is remarkably similar to the phenotype of Dictyostelium amoebae that lack Pten (Iijima and Devreotes, 2002) . Dictyostelium pten mutant cells are stimulated to move by chemoattractant, but they move in more random directions, with the net effect that they do not move as far as wild-type cells. Similarly, Pten mutant AVE cells can sense a developmental cue that stimulates their movement, but they do not move as far and they disperse instead of moving in a coordinated direction. The phenotype of mammalian hematopoietic cells that lack Pten appears to be more complex; it has been argued that SHIP1 is the principal PIP 3 phosphatase that permits movement of neutrophils towards chemoattractants (Nishio et al., 2007) and that Pten is only important in neutrophil chemotaxis when cells need to prioritize multiple chemoattractants (Heit et al., 2008) .
A general role for Pten in collective cell migration
Recent work has shown that the movement of the AVE is a collective migration, where epithelial organization is retained as cells migrate directionally while changing neighbors (Migeotte et al., 2010; Trichas et al., 2011) . Pten has been shown to be important for directed migration of single cells, as in Dictyostelium amoebae and mammalian hematopoietic cells. Our findings demonstrate that Pten is also critical for polarized migration of non-hematopoietic mammalian cells, and, more surprisingly, that Pten is required for directional collective cell migration within an epithelial sheet. Thus in cells migrating collectively, as in cells migrating as individuals, migration is inefficient and uncoordinated in absence of Pten.
Our studies with the Pten epiblast deleted embryos show that Pten is also required after gastrulation for normal mesoderm migration. In contrast to previous results where overexpression of Pten disrupted the gastrulation EMT in the chick (Leslie et al., 2007) , the gastrulation EMT appeared to be normal in Pten −/− and Pten epiblast deleted embryos. However, we observe incompletely penetrant defects in mesoderm migration, and completely penetrant defects in formation of a single heart tube, which depends on the migration of the definitive endoderm and cardiac mesoderm. These findings are consistent with experiments in the chick in which expression of truncated forms of Pten disrupted the directional migration of mesoderm away from the primitive streak (Leslie et al., 2007) . We therefore conclude that Pten is important for the efficient migration of mesoderm away from the primitive streak. Although nascent mesoderm cells are mesenchymal, they retain junctions between cells and move in a type of collective migration (Winklbauer et al., 1992; Yang et al., 2008) . Thus our findings suggest a general role for Pten in collective cell movement.
Because collective cell migration mediates the rearrangement of many tissues during development (Aman and Piotrowski, 2010) , Pten is likely to have a broad role in tissue morphogenesis throughout development. In addition, it will be interesting to test whether Pten −/− cells in solid tumors show a similar tendency to disperse, a cellular behavior that could contribute to the invasiveness of Pten mutant tumors.
Supplementary materials related to this article can be found online at doi:10.1016/j.ydbio.2012.02.005.
